The circulation pathways and subsurface cooling and freshening of warm deep water on the central Amundsen Sea shelf are deduced from hydrographic transects and four subsurface moorings. The Amundsen Sea continental shelf is intersected by the Dotson trough (DT), leading from the outer shelf to the deep basins on the inner shelf. During the measurement period, warm deep water was observed to flow southward on the eastern side of DT in approximate geostrophic balance. A northward outflow from the shelf was also observed along the bottom in the western side of DT. Estimates of the flow rate suggest that up to one-third of the inflowing warm deep water leaves the shelf area below the thermocline in this deep outflow. The deep current was 1.28C colder and 0.3 psu fresher than the inflow, but still warm, salty, and dense compared to the overlying water mass. The temperature and salinity properties suggest that the cooling and freshening process is induced by subsurface melting of glacial ice, possibly from basal melting of Dotson and Getz ice shelves. New heat budgets are presented, with a southward oceanic heat transport of 3.3 TW on the eastern side of the DT, a northward oceanic heat transport of 0.5-1.6 TW on the western side, and an ocean-to-glacier heat flux of 0.9-2.53 TW, equivalent to melting glacial ice at the rate of 83-237 km 3 yr
Introduction
The Amundsen Sea continental shelf is the terminus of the most rapidly melting parts of the West Antarctic Ice Sheet (Rignot et al. 2008; Pritchard et al. 2012) . This is likely due to an increased oceanic heat supply from warm, salty ocean currents carrying circumpolar deep water (CDW) below the floating tongues of glacial ice in this region (Jenkins et al. 2010; Jacobs et al. 2011; Pritchard et al. 2012) . The shelf area is separated into an eastern and a central part by a 300-400-m shallow ridge extending from the coast to the shelf break along 1118-1168W (Fig. 1) . The focus here is on the central part, where the Dotson trough (DT) leads from the shelf break to an irregularly shaped inner shelf basin with a maximum depth of 1400 m. The basin continues underneath the Getz ice shelf (GIS), the seventh largest ice shelf in Antarctica and the only terminus of the rapidly thinning Getz Glacier (Pritchard et al. 2009 (Pritchard et al. , 2012 . Because of prevailing harsh weather and ice conditions, it is still undersampled with regard to the ocean circulation. A southward flow of warm CDW in DT has been observed along the bottom on the outer shelf, being banked up along the eastern flank in approximate geostrophic balance (W ahlin et al. 2010 Arneborg et al. 2012 ). The flow is characterized by strong barotropic fluctuations induced by wind bursts (W ahlin et al. 2013) , and a net southward baroclinic flow of warm dense water in the bottom layer (Arneborg et al. 2012; W ahlin et al. 2013) in similarity with the inflow farther east (Assmann et al. 2013) . The circulation pathways of the deep flow on the central shelf are still unknown, as are the oceanic heat and freshwater budgets. Here we use new observations from shipborne transects Denotes Open Access content.
and moored instruments to examine the circulation pattern and estimate the freshwater and heat budgets.
Methods
The data were collected during summer 2010/11 with the Oden (24-26 December 2010) and the Araon (3-6 January 2011). Vertical profiles of temperature, salinity, and currents were acquired with a CTD [SeaBird Electronics (SBE) 9111] and a 300-kHz lowered acoustic Doppler current profiler (LADCP) from Teledyne RD Instruments (RDI). The processing of the LADCP data was done according to Thurnherr (2010) . The velocity profiles were detided using a 10-component barotropic tide model (Padman et al. 2002) , and velocity shear was obtained using an inverse shear solution (Visbeck 2002) . Geostrophic velocities normal to the CTD transects were calculated by vertical integration of the thermal wind relation, using 300 m as the reference depth.
Four bottom-mounted moorings measuring temperature, salinity, and velocity were also deployed in the trough (Fig. 1) . Mooring M1 was placed on the eastern side of the trough, M2 and M3 on the western side, and M4 in the center. M1 was deployed in February 2010 and recovered in March 2012, while M2, M3, and M4 were deployed in December 2010 and recovered in March 2012. M1 and M2 consisted of an array of six MicroCATs (SBE-37SMP) at 15-50-m intervals and a 150-kHz ADCP (RDI, QuarterMaster) that recorded vertical profiles of temperature, salinity, and velocity (Fig. 1b) from the bottom up to 320 m. M3 and M4 were equipped with two Doppler current meters (Aanderaa, RCM-11) and one or two MicroCATs (SBE-37SMP).
The oceanic heat flux through a cross-trough transect is given by
where r is density, C P is heat capacity, x 5 X E , X W are the eastern and western lateral boundaries, z 5 2D is the ocean bottom, z 5 2d is the top of the mooring, T(z, t) is the mooring temperature, T R is the surface freezing temperature, and U P is the velocity component parallel to the trough. The fact that the top of the mooring does not reach the surface gives a comparatively small error since the surface water is close to freezing temperature. In order to estimate the heat flux from the mooring data, an effective width of the inflow must be assumed. The trough has been transected twice at this location, in 2008 (W ahlin et al. 2010 ) and 2010 (Fig. 2a) . Both transects show a warm current spread out over about 100 km and isopycnals approximately parallel to the bottom. Effective widths for these transects can be estimated as the ratio between the geostrophic heat flux and the heat flux per unit width at the mooring, that is,
The ratio (2) was evaluated using geostrophic velocities and potential temperatures (interpolated to the midpoint between CTD stations) from the transects in 2008 and 2010. The effective widths thus obtained were 71 and 84 km in 2008 and 2010, respectively. Lacking other estimates, a constant effective width of 80 km was assumed, that is,
where W 5 80 km.
Results
Figures 2a-c show cross-trough sections of temperature, salinity, and velocity. At the eastern flank there is an inflow of warm water, where the sloping isotherms drive a geostrophic bottom current similar to the observed LADCP shear velocities. This agrees qualitatively with previous observations from the trough (W ahlin et al. 2010 Arneborg et al. 2012 ). On the western flank the interface is tilted in the opposite direction, presumably driving a geostrophic outflow away from land. The westernmost stations in the sections are approximately 400 m deep, and hence the deepest geostrophic calculation point in the west is at 400 m, that is, above the outflow core (Fig. 2) and quite close to the reference level of 300 m. The geostrophic velocity between 300 and 400 m is negative, similar to LADCP velocities, although the main core is not visible in the geostrophic velocities due to the depth limit. From Fig.  2 the outflow was estimated to be about 40 km wide. Figure 2d shows a hydrographic section along the center of the trough in which the dense layer flows southward along the bottom with a speed up to ;0.13 m s 21 . Figure 3 shows progressive vector plots of velocities at different depths for the four moorings, color coded by temperature. There is a persistent inflow of warm deep water (temporal average: 0.88C) on the eastern flank of DT. There is also an outflow of cooler and fresher water (temporal average: 20.48C) along the bottom on the western side of the trough. This outflow is recorded in both M2 and M3, and it is likely the same current as observed in the westernmost parts of the transects (Figs. 2a-c) . The flow direction near the bottom, where the warmest water is found, is parallel to the local bathymetry for both inflow and outflow. Also shown are 2-day low-pass-filtered velocities and temperatures. The seasonal variation of temperature is observed both in M1 and in M2, and shorter time scale variability is also significant in both moorings in particular for velocity ), is obtained through vertical integration of the average velocity at M1 and multiplication by the effective width of 80 km (section 2). The transport is similar to that estimated from a CTD/LADCP section in 2008 (W ahlin et al. 2010) . In 2010 the average transport was 0.21 Sv (Arneborg et al. 2012) , so the annual variability is substantial. Figure 4 shows temperature-salinity diagrams for the moorings and historical data on the shelf. The black dashed line is the Gade line (Gade 1979; Jenkins 1999; W ahlin et al. 2010 ). The bottom water at both M1 and M2 align on the Gade line, suggesting it consists of CDW modified by glacier meltwater. The cooler bottom water at M2 contains larger fractions of meltwater than the bottom water at M1. All the historical data have deep water that is warmer and saltier on the eastern flank than on the western flank. Figure 5 shows the average velocity at the moorings for different temperature and salinity classes. There is an average inflow at M1 of water warmer than 218C, with maximum velocity for T ' 0.758C and S ' 34.6 psu. At M2, there is an average outflow of water with maximum velocity for T ' 20.58C and S ' 34.3 psu. Figures 5c and  5d show the velocities in T-S diagrams. The velocities at M2 lines up on a colder part of the Gade line than at M1. It is also slightly colder than the Gade line suggesting that in addition to mixing with glacier meltwater, mixing with the cold surface water has also taken place on the shelf.
Heat budgets
Provided the annual net volume and salt transports into the deep basin are zero we have (3500 km 3 ) by the average inflow of 0.34 Sv. This is also close to the time it takes for the bottom water to travel 300 km, which is the circumference of the basin (Fig. 3a) .
From (4), we can express Q F as
It is hence sufficient to know the inflow transport Q IN and the two salinitiesŜ IN andŜ OUT in order to estimate the freshwater flux. In Fig. 2 the outflow on the western flank was approximately 40 km wide. Vertical integration of the velocity at M2 and multiplication by 40 km gives an average outflow of 0.12 Sv, that is, only one-third of the inflow. The missing outflow can take place, for example, in uncharted deep troughs farther west, in a coastal current, or in the surface layer. The theoretical maximum meltwater content that the outflow water can contain is given by the intersection between the Gade line and the freezing point (T M 5 21.848C and S M 5 33.6 psu; Fig. 5 ). The minimum meltwater content is likely given by the salinityŜ 2 at M2, because all other possible outflow routes would contain lighter water, that is, larger meltwater fractions. An intermediate outflow salinity that is a weighted average of these is given bŷ
where the fraction 1 /3 comes from the ratio between inflow and outflow estimates, which in turn depend on the observed widths and velocities of the inflow and outflow. and GIS. Bearing in mind that the continental shelf is ice covered most of the year, the weighted-average budget estimate appears more likely than the lower. It should be emphasized though that all measurements of k V as well as surface salinity are based on summertime data.
Discussion
The hydrographic data in this study show that CDW flowed southward along the eastern side of DT at the average flow rate of 0.34 Sv. A current transporting cooler and fresher versions of CDW northward on the western side of the trough was also found. The northward flow was seen in the hydrographic transects and found to be a persistent feature in two of the moorings. The observed width of the outflow at the time of the transects and the average velocity at the mooring indicate that only about one-third of the outflow exits as deep, warm water at M2. Alternative escape routes for the product water are westward in a coastal current, in the surface layer, below the GIS, or in the deep troughs farther west. Of these, a coastal current appears a quite likely alternative. The width of a coastal current would be approximately equal to the internal Rossby radius, that is, a few kilometers. Much denser station spacing than previously undertaken would hence be needed to resolve it. Jacobs et al. (2013) show the presence of low salinity water (33.7-33.8 psu) at 100-m depth by the coast near 1358W, indicating that a current carrying freshwater may have been present there in both 1994 and 2007.
The only study of a possible throughflow below the GIS ) indicates a net eastward deep flow, depositing 0.2 Sv of water denser than s . 27:47 into DT. Since the temporal variability is high ( Fig. 3 ; Arneborg et al. 2012; W ahlin et al. 2013 ) and the volume budget was based on snapshots ). The observed flow pathway for the deep water is sketched in Fig. 1 . It is hypothesized that a deep circulation similar to the observed is at least intermittently prevailing also in the eastern part of the Amundsen Sea. Recent studies have shown hydrography with a northward deep geostrophic flow at the western flank (Nakayama et al. 2013 ) and generally warmer and saltier versions of the CDW in the east than in the west (W ahlin et al. 2012; Assmann et al. 2013 ). 
